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Few-layer thin crystals of WS2, MoS2, WSe2, MoSe2 and ReS2 were synthesized via the microwave-
induced-plasma-assisted method. The synthesis was accomplished in plasma that was formed in-
side sealed quartz ampoules heated by plasma surrounding the sealed ampoule. Powder X-ray
diffraction, Raman spectroscopy and Transmission Electron Microscopy indicate thin crystals of
high-quality. The proposed method is rapid, reproducible and environmentally friendly. It is ap-
plicable to practically every direct reaction between metals and nonmetals if the nonmetal vapor
pressure can reach a pressure of a few torr, which is required for plasma formation inside a sealed
ampoule.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Over the last few years, the two-dimensional materials
(noticeably, graphene and transition metal dichalcogenides)
enjoyed unprecedented attention due to their proclaimed
“game-changing” properties and the promise of their wide use
for device fabrication [1–3]. However, closer inspection reveals
that the special properties are attributed not to the long stu-
died bulk forms of these materials but mostly to crystalline,
few-layer thin or even monolayer samples. Therefore, ex-
tensive research has been conducted on two-dimensional
samples. Few-layer thin and monolayer crystalline samples are
obtained easily by mechanical “tape” exfoliation, which results
in very high-quality samples for research purposes, but this
method is unsuitable for scale-up or mass production. There-
fore, it is imperative to increase the output of few-layer thin
sample production and synthesize such materials in large
quantities without compromising the quality, which in turn is
responsible for its properties. Large quantities of thin samples
are mostly obtained through solution exfoliation methods [4–
6]. However, solvent contamination of the huge surface areas is
a problem.r B.V. This is an open access articlFundamentally, transition metal dichalcogenides (TMDCs)
are not compatible with the classical synthesis methods used
for the mass production of semiconductors. For example, large
amounts of widely-used binary semiconductors, such as GaAs
and Bi2Sb3, are obtained by melting high-purity elements or
high-temperature synthesis. In the case of TMDCs, the very
high melting temperatures of transition metals (Mo, W) and
the low melting temperatures with high vapor pressures of
non-metals (S, Se, Te) make direct synthesis tricky. Thus, the
high-temperature reaction between high-purity, solid metals
heated at one end and the vapors of non-metals at the second
sealed quartz ampoule, controlled by temperature, is opted. By
this method, high-quality polycrystalline materials or even
large single crystals have been obtained, though in amounts of
a few grams with a total growth time of several days.
Here, we propose a rapid synthesis of few-layer transition
metal dichalcogenide (TMDCs) nanosheets via the microwave-
induced-plasma-assisted method. In contrast to the un-
successful plasma synthesis reported in [7], we improve the
microwave coupling of plasma inside the ampoules and use an
outside plasma to heat the starting materials during synthesis
and crystal growth. This method avoids the contact of the
material with any solvent or other reagents, resulting in high-
quality thin layers. Few ﬂagship members, such as WS2, MoS2,
WSe2, MoSe2 and ReS2 of this family (TMDCs) have beene under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. A schematic of the process ﬂow setup for the synthesis of few-layer tran-
sition metal dichalcogneide (TMDC) nanosheets.
Fig. 2. Stage-wise mechanism of the synthesis process inside the vacuum-sealed
ampoule. (a) The beginning of the process with no plasma generation; (b) the ig-
nition of non-metal (chalcogen) plasma inside the ampoule heated by the outer
tube plasma (not shown in this drawing); (c) direct reaction between metal ele-
ment and non-metal (chalcogen); and (d) few-layer thick crystals of TMDCs formed
due to the heat of synthesis reaction.
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acterization conﬁrms their morphology, dimensions, stoichio-
metry and resultant phases.2. Experimental details
2.1. Materials synthesis
Stoichiometric quantities of pure elements in powder form
were taken as starting materials and were vacuum-sealed in
quartz ampoules (transition metals and chalcogens were used
without further puriﬁcation, as received from either Sigma
Aldrich Singapore or Alfa-Aesar Singapore). For a typical
synthesis, we used approximately 1.5 g of starting material
with 2–3 wt% of extra chalcogen in a quartz ampoule (13 mm
outer diameter and 100 mm length). The ampoule was placed
in the second quartz tube (19 mm outer diameter) that went
through the re-engineered microwave oven possessing input
and output holes for this evacuated outer quartz tube. A
schematic of the setup is shown in Fig. 1. The quartz tube was
connected to the gas in-ﬂow on one end and the gas out-ﬂow
on the other. The gas ﬂow arrangement was connected to a
vacuum oil pump to evacuate air from the quartz tube. The
whole synthesis process was carried out for 60 min, though we
did not optimize the time duration. We suppose that an even
shorter time is reasonable.
2.2. Materials characterization
Powder X-ray diffraction of the samples was carried outusing a Bruker XRD D8 Advance Diffractometer
(CuKα¼1.5406 Å radiation at 45 kV, 30 mA). The 2θ range is
from 10° to 80° with a step size of 0.024° and a dwell time of
1.2 s per step. SEM imaging was completed using the SEM JSM –
7600. AFM imaging was accomplished through a c-Atomic
Force Microscope, Asylum Research. TEM imaging was carried
out using an Energy Filtered Carl Zeiss TEM, LIBRA
s
120 and
JEOL JEM-2010 High-Resolution Transmission Electron Micro-
scope. A micro-Raman spectroscopy analysis was performed
using Renishaw System 2000 (excitation wavelength 514 nm
and laser spot size 2 μm).3. Results and discussion
The principal feature of the proposed method is the pre-
sence of two separated compartments: the ﬁrst one inside the
tube connected to the low-pressure gas ﬂow, where the outer
plasma has been formed; and the second one inside of the
sealed ampoule. Plasma forms in the outer quartz tube as soon
as the pressure of the argon ﬂow is reduced to a few torr. The
sealed quartz ampoule contains a mixture of elements used for
synthesis. Due to the vacuum inside the cold sealed ampoule,
plasma was not formed there even when plasma was lighted in
the outer tube (Fig. 2(a)). Once the argon plasma from the outer
tube starts heating the ampoule and its constituents, the vapor
pressure of the non-metal (S, Se) increases. At some tempera-
tures characteristic to equilibrium vapor pressures of non-
metals, the vapor pressure in the ampoule reaches a few torr,
and the secondary plasma is ignited inside the ampoule (Fig. 2
(b)). Plasma formed from non-metal vapor is reactive enough
to cause the chemical reaction between the metal (W, Mo or
other metal) and the non-metal. Such a reaction is strongly
exothermic. Therefore, the temperature of solid materials
drastically increases, resulting in the spontaneous reaction
Fig. 3. SEM Micrographs of synthesized compounds showing hexagonal morphology. Starting from top-left (in clockwise direction), WS2, MoS2, WSe2, ReS2 and MoSe2. The
scale bar shown in the bottom right corner of each micrograph represents 100 nm except for the ReS2 micrograph, with a scale bar of 1 μm.
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solid-state reaction is rather rapid. The secondary plasma acts
as a reacting species/catalyst for the formation of compounds.
The high reaction temperature causes evaporation of the
compounds and formation of small but very thin crystalline
ﬂakes of TMDCs (Fig. 2(d)). The stoichiometry of the forming
compounds can be regulated in the range of homogeneity of
the respective binary system before sealing the ampoule.
During the synthesis of all the compounds, additional chalco-
gen constituents were added above the stoichiometric quan-
tities to supplement the consumption of chalcogen by the
secondary plasma inside the ampoule.
In the last two decades, several microwave-induced-plas-
ma-assisted synthesis methods of TMDCs have been reported
[8]. In 1998, Vollath and co-workers demonstrated nano-crys-
talline MoS2 and WS2 through microwave plasma in a CVD
process [9–12]. Ouerfelli et al. reported irregular plasma gen-
eration and the lack of reaction between W (or Mo) and S by
simple microwave exposure of elements inside a sealed am-
poule [7]. This indicates that the presence of an external pri-
mary argon plasma and later ignition of secondary plasma in-
side the ampoule are integral for successful synthesis of TMDC
thin crystals.
More recently, plasma-assisted synthesis has been attempted
to synthesize TMDC thin ﬁlms on various substrates [13–17].
However, in contrast to our method, an open tube with a ﬂow of
poisonous gases, such as H2S or H2Se, over highly heated metals
has been used.
To understand the morphology of the product, scanning
electron microscopy images of the synthesized products were
taken. One of the important features noticed in the micro-
graphs (Fig. 3) is the presence of micrometer-sized, almost
hexagonal stacked ﬂakes (sheets) with sub-100 nm cross-sectional dimension (thickness). To further investigate phases
of the obtained product, powder X-ray diffraction (PXRD) was
carried out to ascertain the desired phases as well as any re-
sidual amount of starting materials left inside the product. The
PXRD did conﬁrm the presence of the desired phases (TMDCs),
as shown in Fig. 4. The thickness of individual as-grown ﬂakes
(sheets) was determined through atomic force microscopy
(AFM). The results shown in Fig. 5 pointed to a height variation
of individual ﬂakes (sheets) from 2–20 nm. Such thin TMDC
samples may ﬁnd use in a plethora of applications, such as
optical or opto-electronic materials, either directly for device
preparation or the achievement of individual monolayers after
additional sonication [18].
In addition, Raman spectroscopy (Fig. 6) has been per-
formed on the samples as Raman signals were found to be
highly responsive to the thickness of the layered materials [19].
In MoS2 and WS2, the peak shifts E2g
1 and A1g indicate few-layer
thickness [20–22]. For WSe2, the single maxima and a very
weak signal near 308 cm1, which could be attributed to the
B2g mode, are the evidence for few-layer thickness [20,23–26].
The Raman signal of ReS2 in Fig. 6 shows thickness in-
dependent behavior due to the weak interlayer interactions
[27]. The selected area electron diffraction (SAED) patterns and
high-resolution transmission electron microscopy (HR-TEM)
images (Fig. 7) of the synthesized compounds reveal the hex-
agonal symmetry for WS2 and MoS2 (194-P63/mmc space
group) and the high-quality of the crystals.4. Conclusion
In summary, few-layer TMDC nanosheets of WS2, MoS2,
WSe2, MoSe2 and ReS2 were synthesized via the microwave-
Fig. 4. Powder X-ray diffraction (P-XRD) pattern of as-grown samples along with their corresponding standard powder diffraction ﬁle from the database. Starting from top-
left (in clockwise direction): WS2, MoS2, WSe2, ReS2 and MoSe2.
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chalcogenide compounds were synthesized from elements that
already are commercially available in high-purity. The samples
were characterized by powder X-ray diffraction, ﬁeld-emission
scanning electron microscopy, atomic force microscopy, micro-
Raman spectroscopy and transmission electron microscopy,
and their range of thickness (2–20 nm) in the as-grown state
was found to be in good accordance with the standard data.
Once a plasma of S, Se or similar elements is formed, it
easily reacts with the metal heated by an outside plasma, and
the heat of the reaction (exothermic reaction) supports the
direct reaction and crystal growth. The method presented hereis proven for a number of TMDCs. Moreover, due to the lack of
any other components, except elements that form desired
compounds, this synthesis is applicable to practically every
direct reaction between a metal and a nonmetal if the non-
metal vapor pressure can reach the few torr required for
plasma formation inside a sealed ampoule. We believe that this
method can be used for numerous tellurides, arsenides, phos-
phides or antimonites without any modiﬁcations. We also used
it to successfully lead selenide (PbSe) synthesis in the same
mode that has been described here.
Fig. 5. Atomic force microscopic images and section height analysis of as-grown samples, starting from the top: WS2, MoS2 and ReS2.
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Fig. 6. Raman response of as-grown samples. Peak positions indicate the phase presence and few-layer nature of WS2, MoS2, WSe2, MoSe2 and ReS2.
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Fig. 7. Selected area electron diffraction (SAED) patterns (above) and high-resolution transmission electron microscopy (HR-TEM) images (below) of individual WS2 (left)
and MoS2 (right) crystals.
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